promotion. The present study was undertaken to test the potential preventive effect of mushroom Phellinus linteus extract (PL) on the inhibition of GJIC, induced by hydrogen peroxide (H 2 O 2 ), in WB-F344 rat liver epithelial cells (WB cells). Cells were pre-incubated with PL (5 and 25 µg/ml) for 24 h and this was followed by co-treatment with PL and H 2 O 2 (500 µM) for 1 h. PL (at 5 and 25 µg/ml) prevented the inhibition of GJIC and blocked the hyperphosphorylation of connexin 43 by H 2 O 2 . Moreover, H 2 O 2 activated p38 kinase, extracellular signal-regulated protein kinases (ERK)1/2 and c-Jun N-terminal kinase (JNK) in WB cells. The present study indicates that PL is able to inactivate both ERK1/2 and p38 MAP kinases. However, PL did not affect the JNK pathway. For this reason, to elucidate the relation between MAP kinases and GJIC, we treated cells with PD98059 (an MEK inhibitor) and SB202190 (a p38 kinase inhibitor). These inhibitors were also found to prevent the inhibition of GJIC induced by H 2 O 2 , which suggests that PL may act as a natural anticancer product by preventing the inhibition of GJIC through the inactivation of ERK1/2 and p38 MAP kinases. In addition, our results indicate that the p38 kinase signaling pathway may be closely related functionally to the gap junction in rat liver epithelial cells.
Introduction
Intercellular communication is necessary in multicellular organisms to maintain tissue homeostasis and to control cell growth and differentiation (1) . Gap junction channels play an important role in intercellular communication by providing a direct pathway for the movement of molecular information, including ions and polarized and non-polarized molecules up to a molecular mass of 1 kDa between adjacent cells (2) (3) (4) . A gap junction channel consists of two juxtaposed hemi-channels, one from each of the participating cells. Although the mechanisms of gap junction formation and channel permeability regulation are poorly understood, the inhibition of gap junction intercellular communication (GJIC) is suspected to be involved in the mechanism of tumor promotion (5) . Most tumor promoters inhibit GJIC (6) (7) (8) (9) , and the transfection of GJIC deficient cells with connexins suppresses tumor formation (10) (11) (12) (13) (14) (15) (16) . It has been reported that a number of pesticides, pharmaceuticals, dietary additives, polyhalogenated hydrocarbons and peroxisome proliferators inhibit GJIC through several diverse mechanisms. Moreover, chemopreventive natural chemicals, which have anti-oxidizing activities, such as vitamin C (17) , germanium dioxide (18) , honeybee propolis (19) , green tea and Korean ginseng components (20), could prevent or recover the inhibition of GJIC induced by cancer promoters. Therefore, recovery of the inhibition of GJIC by cancer promoters has been proved to be a useful tool for the screening and assay of chemopreventive natural products, as well as mechanistic studies.
Hydrogen peroxide (H 2 O 2 ) is a well-known cancer promoter that inhibits GJIC in WB-F344 (WB) rat liver epithelial cells in a dose-and time-dependent manner (21) . Moreover, this inhibition correlates with reduced gap junction numbers and size, as well as the up-regulation of hyper-phosphorylated connexin 43 (Cx43) (21, 22 ). Oxidative stress, including H 2 O 2 , has been shown to activate MAPKs (23, 24) . MAPKs, which include the extracellular signal-regulated protein kinases (ERK), the c-Jun N-terminal kinase (JNK) and the p38 subfamilies, are important regulatory proteins that transduce various extracellular signals into intracellular event (25) . In other words, MAPKs are regulated by separate signal transduction pathways that control many aspects of mammalian cellular physiology including cell growth, differentiation and cell death (25) (26) (27) (28) . In particular, it has been well documented that phospho-ERK (activated form) can inhibit GJIC in several kinds of cell lines, including WB cells, by Cx43 phosphorylation (29) (30) (31) . The p38 group kinases have been found to be involved in inflammation, cell growth, cell differentiation, the cell cycle and cell death (32) . Although it is clear that the p38 pathway shares many similarities with the other MAPK cascades, the relation between p38 pathway and GJIC is poorly understood.
Phellinus linteus (PL) has been used as a traditional medicine in Korea, China, Japan and other Asian countries for the treatment of various diseases, including gastroenteric disorder, lymphatic disease and various cancers. It was reported previously that PL has the effect of stimulating cell-mediated and humoral immunity, and inhibiting tumor growth and metastasis (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . In the present study, the anticarcinogenic effects of PL extracts and PL mycelia were evaluated in rat liver epithelial cells treated with H 2 O 2 to inhibit GJIC, which has been associated with tumor promotion. The working hypothesis followed was that PL might prevent the blockage of GJIC in tumor promoter-treated cells. We also investigated the possibility of a relationship between the p38 pathway and GJIC.
Materials and methods

Chemicals
H 2 O 2 was purchased from Showa Chemical (Tokyo, Japan). Lucifer yellow and monoclonal β-actin antibodies were from Sigma Chemical (St Louis, MO), mouse monoclonal antiCx43 antibody from Chemicon International, rabbit anti-JNK1 and mouse monoclonal IgG against p38 antibody were from Santa Cruz Biotechnology (Santa Cruz, CA), rabbit anti-Map kinase, rabbit polyclonal anti-Cx43, HRP-goat anti-mouse IgG conjugate, rhodamine-conjugated goat anti-rabbit IgG and HRP-goat anti-rabbit conjugate antibody were all from Zymed Laboratories (San Francisco, CA). Anti-active MAPK, antiactive JNK, anti-active p38 and donkey anti-rabbit IgG HRP antibody were purchased from Promega (Madison, CA) and the Mek inhibitor, PD98059, and the p38 kinase inhibitor, SB202190, from Calbiochem (San Diego, CA). PL extraction PL was extracted using 30% ethanol at 90°C for 4 h and filtered through a 270 mesh filter. The sludge from the primary extraction was then extracted twice using the same procedure. The extract was concentrated using an Eyela rotating vacuum evaporator (Rikakikai, Tokyo, Japan) at 60°C, at 70 cmHg condition and spray dried. Cell culture WB rat liver epithelial cells were kindly provided by Dr J.E.Trosko at Michigan State University (USA). The procedure used for characterizing these cell lines has been described previously (34) . Cells (passage 8-12) were cultured in D-media (Formula No. 78-5470EF, Gibco BRL, Grand Island, NY) containing 50 µg/ml gentamicin (Gibco BRL) in the presence of 5% fetal bovine serum (Gibco BRL). Cells were incubated in a 37°C humidified incubator containing 5% CO 2 and 95% air. Cells were grown in 75 mm tissue culture plates and the culture medium was changed every other day.
Bioassay of cytotoxicity
Cytotoxicity was determined by the neutral red uptake assay according to the method of Borenfreund and Puerner (36) . Cells were treated with PD98059, SB202190 or PL for 24 h, and the other cells were treated with PD98059 or SB202190 for 1 h or PL for 24 h before being treated with 500 µM H 2 O 2 for 1 h. Following chemical treatment, the cells were rinsed three times with phosphate-buffered saline (PBS) and then 2 ml of fresh growth medium containing 0.033% neutral red, which had been incubated with D-medium for 4 h was added to the cells for 2 h. The time required for adequate uptake of the neutral red into the WB cells was 2 h. Extracellular neutral red was rinsed off with PBS and the cells were lyzed with 2 ml of an aqueous solution containing 1% acetic acid and 50% ethanol. Lyzed cells were analyzed for neutral red uptake at a wavelength of 540 nm using an ELISA reader.
Bioassay of GJIC
The scrape loading/dye transfer (SL/DT) technique was adapted using the method of El-Fouly et al. (37) . Cells were pretreated with PLs, for 24 h prior to the addition of H 2 O 2 for 1 h, or pre-treated with the MEK inhibitor, PD98059, or the p38 kinase, SB202190, for 1 h followed by treatment with H 2 O 2 for 1 h. The GJIC assay was conducted at non-cytotoxic dose levels of the samples, as determined by the neutral red uptake assay.
Following incubation, the cells were washed twice with 1164 2 ml of PBS. Lucifer yellow was added to the washed cells and three scrapes were made with a surgical steel-bladed scalpel at low light intensities. These three scrapes were performed to ensure that the scrape traversed a large group of confluent cells. After a 3 min incubation period the cells were washed with 10 ml of PBS and then fixed with 2 ml of a 4% formalin solution. The distance traveled by the dye in a direction perpendicular to the scrape was observed with an inverted fluorescent microscope (Olympus Ix70, Okaya, Japan).
Western blot analysis Cells were grown in a 100 mm tissue culture dish (Nunc, Rochester, NY) to the same confluency as in the SL/DT assay. The cells were then treated with test compounds in the same way as described in the SL/DT assay. Western blot analysis of Cx43 was performed, as described previously (37, 39) . Proteins were extracted with 20% SDS solution containing 1 mM phenylmethylsulfonyl fluoride (a protease inhibitor), 10 mM iodoacetoamide, 1 mM leupeptin, 1 mM antipain, 0.1 mM sodium orthovanadate and 5 mM sodium fluoride. Protein content was determined using the DC assay kit (Bio-Rad, Hercules, CA), and separated on 12.5% SDS-PAGE according to the method of Laemmli (40) . They were then transferred to nitrocellulose membranes at 100 V, 350 mA for 1 h. All antibodies were used according to the manufacturer's instructions and protein bands were detected using an ECL detection kit (Amersham, Piscataway, NJ).
Results
Cytotoxicity of PL, PD98059 and SB202190
Hasler et al. (41) and Upham et al. (21) showed that a dose of 500 µM H 2 O 2 maximally inhibited GJIC in WB rat liver epithelial cells, and is non-cytotoxic, as determined by the lactate dehydrogenase activity and neutral red uptake tests. Therefore, we also used a dose of 500 µM H 2 O 2 for all experiments. To select the appropriate doses of PL, PD98059 and SB202190 for this study, their cytotoxicities to WB cells were assessed using the neutral red uptake test. No cytotoxic effects were observed on cells treated with 80 µM PD98059, 8 µM SB202190 for 1 h or 100 µM PL for 24 h before treatment with 500 µM H 2 O 2 for 1 h ( Figure 1A ). In addition, cell viability did not change during 24 h incubation, following the addition of 100 µM PL. Neither 40 µM PD98059 nor 8 µM SB202190 had any cytotoxic effect on the cells after 1 h ( Figure 2B ). We performed the following experiments using dose levels of chemicals ഛ100 µM PL, ഛ40 µM PD98059 and ഛ8 µM SB202190.
Effect of PL on GJIC
The GJIC of WB cells were assessed using SL/DT assay after treatment with the test compounds. The GJIC of control cells did not decrease during the experimental incubation period. After exposing the cells to 500 µM H 2 O 2 for 1 h, an obvious inhibition was detected. However, the cells pre-treated with PL extracts (5 and 25 µg/ml) showed preventive effects on the inhibition of GJIC induced by 500 µM H 2 O 2 ( Figure 2A and C). PL mycelia had not shown any preventive effects on GJIC ( Figure 2B and C) Western blot analysis for a linkage protein group of GJIC Western blot analysis, with antibodies specific to Cx43, was used to assess the phosphorylation status of the gap junctional proteins. The typical three bands (P0, P1 and P2) of Cx43 were detected in the control cells, and these were separated 
Western blot analysis of MAPKs activation
We examined the activation of several MAPKs (ERK1/2, JNK and p38 kinase) to identify the protective action of PL on the inhibition of GJIC. H 2 O 2 activated p38 kinase, ERK1/2 and JNK. PL pre-treatment (25 µg/ml) can block this activation of p38 and ERK1/2 MAP kinases, even though the proteins were constitutively expressed (Figure 4) . However, PL pre-treatment did not inhibit H 2 O 2 -induced activation of the JNK pathway ( Figure 4) .
Effect of ERK1/2 and p38 MAP kinases on GJIC using inhibitors
To know the roles of ERK1/2 and p38 MAP kinase on the preventive effects of PL, we hypothesized if the preventive effects of PL are related to inactivated p38 and ERK1/2 kinases, the known inhibitors also can block activation of both MAP kinases and prevent the inhibition of GJIC by H 2 O 2 . For examination of this possibility, we treated cells with PD98059 (an MEK inhibitor) and SB202190 (a p38 kinase inhibitor).
In an SL/DT assay, the results showed that those inhibitors also prevented the inhibition of GJIC induced by H 2 O 2 as PL did (Figures 5 and 6 ). In western blot analyses, H 2 O 2 induced hyper-phosphorylation of Cx43 protein with loss of the P0 band of Cx43, while both inhibitors recovered the P0 band and showed a normal phosphorylation pattern of Cx43 protein ( Figure 7A ). To examine the relationship between this recovery of GJIC and p38 and ERK1/2 MAP kinases, we treated cells with ERK1/2 MAP kinase inhibitor. There is no change of ERK1/2 protein expression between untreated cells and treated cells ( Figure 7B ). However, H 2 O 2 dramatically increased phosphorylated ERK1/2 MAP kinase, and this increased phosphorylated ERK1/2 MAP kinase was significantly reduced in PD98059-treated cells ( Figure 7B ). In the case of the p38 MAP Fig. 3 . Western blot analysis on the changes in the phosphorylation pattern of Cx43. Total cellular protein extracts were prepared and western blot analysis was performed with 20 µg protein using antibody specific for Cx43. Fig. 4 . Effect of PL extracts on H 2 O 2 -induced ERK, p38 and JNK phosphorylation. Total cellular protein extracts were prepared and western blot analyses were performed with 20 µg protein using antibody specific for (A) total ERK or phospho-ERK, (B) total p38 or phospho-p38 and (C) total JNK or phospho-JNK.
kinase, the inhibitor SB20219 also induced the disappearance of the phosphorylated p38 induced by H 2 O 2 ( Figure 7C ). These observations were the same as in PL-treated cells. Therefore, these results indicate that the ERK1/2 and the p38 kinase pathways may be closely related to the function of the gap junction and preventive effects of PL.
Discussion
It is recognized that the function of GJIC can be modulated at many stages during the turnover of connexin by transcriptional, translational and post-transcriptional mechanisms. Moreover, GJIC is a target of different carcinogenic modulators (tumor promoters and anti-promoters) (11, 42) . Most tumor-promoting agents inhibit intercellular communications, and reduced GJIC capacity has been observed frequently during carcinogenesis (6,7). Tumor promoters such as H 2 O 2 and TPA almost immediately disrupt GJIC in in vitro systems (21, 22) . Reactive oxygen species, and in particular, H 2 O 2 play important roles in the multistep process of carcinogenesis and directly promote transformation in many in vivo and in vitro model systems (43) (44) (45) . Therefore, in this study, we investigated the anticarcinogenic effect of PL on WB cells after treatment with H 2 O 2 using the SL/DT assay, and western blotting. Significant prevention against the H 2 O 2 -induced inhibition of GJIC was observed at PL extract concentrations between 5 and 25 µg/ml (Figure 2A) .
Although it has been reported that PL inhibits tumor growth by stimulating humoral and cellular immunity (33, 34) , the present results show for the first time that PL extracts prevent the tumor promoter-induced inhibition of GJIC. However, the PL mycelium did not show the same preventive effect as the PL extract ( Figure 2B ).
Tumor promoters can affect intercellular communication by mechanisms that distinguish between immediate and long-term responses. The immediate response of H 2 O 2 on GJIC is associated with the hyper-phosphorylation of Cx43 (21). In the present study, western blot analysis showed that the intensity of the Cx43 P2 band increased after H 2 O 2 treatment with loss of the P0 band of Cx43, and that it decreased slightly or remarkably when cells were pre-incubated with 5 or 25 µg/ml PL, respectively (Figure 3) .
In the present study, the final extraction yield was 15% from the raw mushroom. So, the concentration factor was 6.7. Therefore, the effective concentrations of PL extract (5-25 µg/ml) used in this study were equivalent to 33.5-167.5 µg of raw mushroom.
To know the preventive mechanism of PL extract on GJIC, we examined MAP kinases. MAPKs, which include the ERK, JNK/stress-activated protein kinase and p38 subfamilies, are activated in response to stimuli such as treatment with DNAdamaging agents, growth factors and cytokines (25) (26) (27) (28) . MAPKs regulate gene expression through the phosphorylation of downstream transcription factors (25) (26) (27) (28) . Activation of JNK and p38 kinase is related to the stress response, growth arrest and apoptosis (26-28), whereas ERK is important in Fig. 7 . Effects of PD98059 and SB202190 on H 2 O 2 -induced ERK, p38 phosphorylation and Cx43 hyper-phosphorylation. Total cellular protein extracts were prepared and western blot analyses were performed with 20 µg protein using antibodies specific for (A) Cx43, (B) total ERK or phospho-ERK and (C) total p38 or phospho-p38. mitogenesis and differentiation (46) . However, reports exist that JNK activation occurs independently of cell death (47) , and further that JNK activation actually promotes proliferation and cellular transformation (48, 49) . In addition to physiological response and activation pattern, MAPK activation is dependent upon types of MAPKs and cell type. For example, insulin can stimulate p38 in 3T3-L1 adipocytes (50), but down-regulates p38 activity in chick forebrain neuron cells (51) . Again, momentary activation of JNK and p38 by tumor necrosis factor α is a survival signal, while the continued activation of these MAPKs is a death signal (52) , and momentary activation of ERK can induce proliferation, while continued induction leads to growth arrest (53) . In this manner, significant progress has been made in the understanding of MAPK function. Nevertheless, many questions regarding the regulation and function of this group of kinases remain unsolved. In the present study, three major MAPKs were activated in H 2 O 2 -treated cells (Figure 4) . This suggests that H 2 O 2 can induce these MAPKs without cell death in this cell line because 500 µM of H 2 O 2 is a non-cytotoxic dose and cells fully recover 4 h after the H 2 O 2 -containing cell media is replaced with H 2 O 2 -free media (21) . PL extracts were found to inhibit ERK and p38 kinase activation but not JNK. Therefore, we hypothesized that blockage of ERK and p38 kinase activation is the primary mechanism of PL on GJIC. To confirm this hypothesis, we treated cells with PD98059 (Mek inhibitor) and SB202190 (p38 kinase inhibitor) before H 2 O 2 treatment. As shown in Figures 5-7 , Mek and p38 kinase inhibitor blocked the down-regulation of GJIC by H 2 O 2 . Therefore, we suggest that not only ERK, but also p38 kinase can regulate Cx43.
In conclusion, this study shows that PL extracts increase GJIC and prevents the inhibition of GJIC by H 2 O 2 through inhibition of ERK and p38 kinase activation. Moreover, this may be an important mechanism whereby the PL extract protects against tumor promotion. In addition, we found that the p38 kinase signaling pathway may be closely related to the function of the gap junction during cancer promotion. Therefore, the mushroom may give great health benefits to humans.
